Bithermal fatigue of a nickel-base superalloy single crystal by Verrilli, Michael J.
NASA Technical Memorandum 100885 
Bithermal Fatigue of a Nickel-Base 
Superalloy Single Crystal 
( N A S A - T M - 1 0 0 8 8 5 )  BITHEHM AL F A T I G U E  O F  A N88-22768 
NICKEL-BASE SUPER ALLOY S I N G L E  CRYSTAL 
[NASA) 15 p C S C L  1 1 F  
Michael J. Verrilli 
Lewis Research Center 
Cleveland, Ohio 
May 1988 
IJnc l a  s 
~ 3 / 2 6  C 1 4 2 3 3 7  
https://ntrs.nasa.gov/search.jsp?R=19880012784 2020-03-20T06:35:09+00:00Z
BITHERMAL FATIGUE OF A NICKEL-BASE SUPERALLOY SINGLE CRYSTAL 
I .  
I *  
M ichael  J .  V e r r i l l i  
N a t i o n a l  Ae ronau t i cs  and Space A d m i n i s t r a t i o n  
Lewis Research Center  
C leve land,  Oh io  44135 
SUMMARY 
The thermomechanical f a t i g u e  behav io r  o f  a n i cke l -base  s u p e r a l l o y  s i n g l e  
c r y s t a l  was i n v e s t i g a t e d  u s i n g  a b i t h e r m a l  t e s t  techn ique.  The b i t h e r m a l  
f a t i g u e  t e s t  was used as a s imp le  a l t e r n a t i v e  t o  t h e  more complex thermo- 
mechanical f a t i g u e  t e s t .  Both in-phase and out -of -phase b i t h e r m a l  t e s t s  were 
per formed on <001>-o r ien ted  coated and bare  Renh N4 s i n g l e  c r y s t a l s .  I n  o u t -  
00 of-phase b i t h e r m a l  t e s t s ,  t h e  t e n s i l e  and compressive ha lves  o f  t h e  c y c l e  w e r e  
a p p l i e d  i s o t h e r m a l l y  a t  760 and 982 "C r e s p e c t i v e l y ,  w h i l e  f o r  t h e  in-phase 
b i t h e r m a l  t e s t s  t h e  tempera tu re - load ing  sequence was reve rsed .  The b i t h e r m a l  
f a t i g u e  l i v e s  o f  bare  specimens were s h o r t e r  than t h e  i so the rma l  f a t i g u e  l i v e s  
a t  e i t h e r  tempera ture  extreme when compared on an i n e l a s t i c  s t r a i n  b a s i s .  Both 
in-phase and out-of-phase b i t h e r m a l  f a t i g u e  l i f e  curves converged i n  t h e  l a r g e  
s t r a i n  reg ime and d i v e r g e d  i n  t h e  smal l  s t r a i n  regime, out-of-phase r e s u l t i n g  
i n  t h e  s h o r t e s t  l i v e s .  The c o a t i n g  had no e f f e c t  on l i f e  f o r  specimens c y c l e d  
in-phase; however, t h e  c o a t i n g  was d e t r i m e n t a l  f o r  i so the rma l  f a t i g u e  a t  760 "C 
and for out -of -phase f a t i g u e  under l a r g e  s t r a i n s .  
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INTRODUCTION 
C u r r e n t  l i f e  p r e d i c t i o n  and c o n s t i t u t i v e  models f o r  e l e v a t e d  tempera ture  
s e r v i c e  a p p l i c a t i o n s  a r e  u s u a l l y  based on i so the rma l  f a t i g u e  da ta .  
components which see h i g h  tempera ture  exper ience combina t ions  o f  thermal  and 
mechanica l  s t r a i n s ,  or thermomechanical l o a d i n g .  For many a l l o y s ,  thermom- 
echan ica l  f a t i g u e  (TMF) l i v e s  have been found t o  be s i g n i f i c a n t l y  l ower  than 
those for  f a t i g u e  a t  t h e  minimum or maximum c y c l e  temperatures ( r e f s .  1 and 2 ) .  
T h i s  problem i s  of p a r t i c u l a r  concern i n  the  gas t u r b i n e  eng ine  i n d u s t r y .  Hot 
s e c t i o n  components such as t u r b i n e  b lades  and vanes n o t  o n l y  exper ience  severe 
thermomechanical s t r a i n  c y c l i n g  d u r i n g  engine s e r v i c e ,  b u t  a r e  a l s o  s u s c e p t i b l e  
t o  o x i d a t i o n  and h o t  c o r r o s i o n  due to  t h e  h i g h  c y c l e  tempera tures .  For use as 
t u r b i n e  b lades ,  n i cke l -base  s u p e r a l l o y  s i n g l e  c r y s t a l s  have been shown t o  have 
s i g n i f i c a n t l y  improved c reep r u p t u r e  1 i v e s  and e l e v a t e d  tempera ture  f a t i g u e  
s t r e n g t h  than t h e i r  c o n v e n t i o n a l l y  c a s t  c o u n t e r p a r t s .  I n  a d d i t i o n ,  p r o t e c t i v e  
c o a t i n g  systems a p p l i e d  t o  s u p e r a l l o y s  markedly  improve t h e i r  o x i d a t i o n  and 
h o t  c o r r o s i o n  r e s i s t a n c e .  There i s  concern, however, t h a t  these c o a t i n g s  may 
degrade t h e  mechanical p r o p e r t i e s  o f  coated hardware. 
The purpose o f  t h i s  work i s  t o  s tudy  t h e  thermomechanical f a t i g u e  behav io r  
o f  a coated s i n g l e  c r y s t a l ,  Ren6 N4, and, i n  p a r t i c u l a r ,  t o  s tudy  t h e  e f f e c t  of 
t h e  c o a t i n g  on f a t i g u e  l i f e .  The c o a t i n g  system s t u d i e d  i s  an a l u m i n i d e  coa t -  
i n g ,  Codep B-1. A b i t h e r m a l  t e s t  techn ique has been used as an a l t e r n a t i v e  t o  
t h e  more conven t iona l  thermomechani c a l  f a t i g u e  c y c l e .  
I n  r e a l i t y ,  
MATERIALS AND TEST PROCEDURES 
Ren6 N4 was developed by t h e  General  E l e c t r i c  Company s p e c i f i c a l l y  f o r  
a p p l i c a t i o n  as c a s t  s i n g l e  c r y s t a l  b lades  f o r  a i r c r a f t  gas t u r b i n e  engines.  
The compos i t ion  o f  t h i s  a l l o y ,  i n  we igh t  p e r c e n t ,  i s :  9.25 C r ,  7.7 Co, 1.5 Mo, 
6.0 W ,  4.0 Ta, 0.5 Cb, 3.7 A l ,  4.2 T i ,  ba lance N i .  The hea t  t rea tmen t  c o n s i s t s  
of a s o l u t i o n  anneal a t  1265 "C for 2 h r ,  f o l l o w e d  by ag ing  a t  1080 "C f o r  
4 h r ,  and f i n a l l y  900 "C f o r  16 h r .  The hea t  t rea tmen t  was per formed i n  a p ro -  
t e c t i v e  atmosphere. T y p i c a l  as hea t  t r e a t e d  m i c r o s t r u c t u r e  of Ren6 N4 i s  shown 
i n  f i g u r e  1 .  The a l l o y  has a y-yo s t r u c t u r e ,  t h e  y l  occupy ing  about  
65 pe rcen t  by volume. The y '  p a r t i c l e s  a r e  g e n e r a l l y  c u b o i d a l ,  hav ing  an 
average edge w i d t h  o f  0.030*0.010 pm. Some of t h e  y '  i s  p resen t  i n  i n t e r -  
d e n d r i t i c  e u t e c t i c  p o o l s  and occupy about  0 .4 p e r c e n t  by  volume. The s i n g l e  
c r y s t a l s  e x h i b i t e d  s i g n i f i c a n t  p o r o s i t y ,  about  0.4 vol %. 
Low c y c l e  f a t i g u e  (LCF) specimens were machined from c a s t  s labs  such t h a t  
t h e  specimen a x i s  was w i t h i n  10" o f  t h e  coo l>  d i r e c t i o n .  O r i e n t a t i o n s  were 
v e r i f i e d  by  x-ray d i f f r a c t i o n .  The low c y c l e  f a t i g u e  specimens a r e  shown d i a -  
g rammat i ca l l y  i n  f i g u r e  2 .  The two s l i g h t l y  d i f f e r e n t  geomet r ies  were t h e  
r e s u l t  o f  a misunders tand ing .  
The c o a t i n g  system s t u d i e d  was a d i f f u s i o n  a lum in ide  c o a t i n g  developed by 
General E l e c t r i c ,  Codep 6-1 ( r e f .  3 ) .  The c o a t i n g  was a p p l i e d  by t h e  pack 
cementa t ion  process t o  t h e  machined specimens. The coated  speciaens r e c e i v e d  
t h e  same hea t  t rea tmen t  as t h e  bare  specimens. The m i c r o s t r u c t u r e  o f  the  coat -  
i n g  i s  shown i n  f i g u r e  3. The c o a t i n g  produced by  t h e  Codep 6-1 process con- 
s i s t s  o f  an a d d i t i v e  l a y e r  o f  N i A l  w i t h  some embedded a lpha  A1203 p a r t i c l e s ,  
and a f i n g e r e d  d i f f u s i o n  zone ( r e f .  3 ) .  The f i n g e r s  a r e  a sigma phase, w i t h  MC 
ca rb ides  and N i A l  o f t e n  p r e s e n t  ( r e f .  3). The a l l o y  s t r u c t u r e  o f  t h e  coated  
specimens i s  t h e  same as t h a t  observed fo r  the  bare  specimens, s i n c e  the  h e a t  
t rea tmen t  c y c l e s  a r e  i d e n t i c a l .  Coa t ing  t h i c k n e s s  as measured u s i n g  o p t i c a l  
microscopy was found t o  be about  0.055 mm, however t h e  a c t u a l  measured i n c r e a s e  
o f  specimen d iameter  was about  0.020 mm, i n d i c a t i n g  t h a t  some o f  t h e  c o a t i n g  i s  
formed b y  d i f f u s i o n  i n t o  t h e  s u b s t r a t e  m a t e r i a l .  
F a t i g u e  t e s t s  were performed u s i n g  a 90 kN c losed  loop ,  s e r v o - h y d r a u l i c  
t e s t  system. A h i g h  tempera ture  a x i a l  extensometer  was employed f o r  s t r a i n  
measurement. Specimens were heated  by  a r a d i o  f requency  i n d u c t i o n  genera to r ,  
t a k i n g  c a r e  t o  m in im ize  tempera ture  v a r i a t i o n s  a long  t h e  gauge l e n g t h  t o  a t  
most 25 "C. Temperature was measured u s i n g  a chromel-alumel thermocouple.  The 
ends o f  t h e  thermocouple were r o l l e d  f l a t ,  then s l i g h t l y  ove r lapped  and welded 
thermocouple was looped around t h e  specimen and s p r i n g  loaded t o  t o g e t h e r .  The 
h o l d  t h e  j u n c t  
e t e r  was used 
was c o n t r o l l e d  
I sotherma 
o f  the  TMF cyc 
s t r a i n  c o n t r o l  
to  produce a s 
s t r a i  n/maximum 
temperatures.  
on i n  c o n t a c t  w i t h  t h e  gauge l e n g t h .  A d i s a p p e a r i n g  w i r e  pyrom- 
o v e r i f y  t h e  accuracy  o f  t h e  thermocouple read ings .  Temperature 
by a c losed  l o o p  genera l  purpose c o n t r o l l e r .  
LCF t e s t s  were per formed a t  t he  upper and lower  temperatures 
e,  namely 982 and 760 "C.  The specimens were c y c l e d  i n  a x i a l  
a t  a f requency  o f  0.1 Hz. A d i g i t a l  waveform g e n e r a t o r  was used 
nuso ida l  c o n t r o l  waveform, w i t h  an R r a t i o  o f  -1  ( R  = minimum 
s t r a i n ) .  Bo th  coated  and bare  specimens were t e s t e d  a t  t h e  two 
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A b i t h e r m a l  t e s t  techn ique was employed t o  pe r fo rm t h e  TMF t e s t s .  Th i s  
techn ique has been r e c e n t l y  proposed as a s i m p l i f i e d  a l t e r n a t i v e  t o  t h e  more 
conven t iona l  TMF t e s t  ( r e f .  4 ) .  A schematic o f  an out -of -phase b i t h e r m a l  c y c l e  
i s  shown i n  f i g u r e  4. Mechanical loads  a re  a p p l i e d  a t  t h e  two tempera ture  
extremes of t h e  c y c l e .  The tempera ture  excu rs ions  occur  w h i l e  t h e  specimen i s  
h e l d  a t  z e r o  l oad .  As i l l u s t r a t e d  i n  f i g u r e  4 (a ) ,  t h e  t e n s i l e  and compressive 
s t r a i n s  a r e  imposed a t  t h e  low and h i g h  temperature,  r e s p e c t i v e l y ,  f o r  t h e  
out -of -phase b i t h e r m a l  c y c l e .  For an in-phase c y c l e ,  t h e  l o a d i n g  sequence i s  
reversed,  i . e . ,  t h e  t e n s i l e  loads  a re  imposed a t  t h e  h i g h  tempera ture  and t h e  
compressive loads  a t  t h e  low tempera ture  ( f i g .  4 ( b ) > .  A 1 6 - b i t  computer was 
used t o  genera te  t h e  tempera ture  and l o a d  waveforms which compose t h e  b i t h e r m a l  
c y c l e .  Both coated  and uncoated specimens were t e s t e d  i n  out-of-phase and 
in-phase b i t h e r m a l  f a t i g u e .  
A c o n t r o l  problem was encountered d u r i n g  t h e  f irst f i v e  t o  t e n  c y c l e s  o f  
a l l  t e s t s  which n e c e s s i t a t e d  s l i g h t  m o d i f i c a t i o n  o f  t h e  t e s t  p rocedure .  A t  
760 "C Ren6 N4 e x h i b i t s  f l a t  y i e l d i n g  behav io r  beyond t h e  y i e l d  p o i n t  o f  i t s  
s t r e s s - s t r a i n  response ( r e f .  5). Deformat ion  beyond t h e  y i e l d  p o i n t  was found 
t o  occur  v e r y  r a p i d l y  r e g a r d l e s s  o f  t h e  a p p l i e d  s t r a i n  r a t e .  T h i s  phenomena 
occu r red  d u r i n g  t h e  f i r s t  f i v e  t o  t e n  f a t i g u e  c y c l e s  and d u r i n g  t h i s  p e r i o d  t h e  
t e s t  system under computer c o n t r o l  c o u l d  n o t  respond q u i c k l y  enough to  r e v e r s e  
t h e  l o a d i n g  a t  t h e  d e s i r e d  s t r a i n  l i m i t .  There fore ,  t h e  f i r s t  t e n  c y c l e s  o f  
t h e  t e s t s  were performed manua l ly  i n  s t r o k e  c o n t r o l  u s i n g  t h e  s e t p o i n t  c o n t r o l  
o f  t h e  s e r v o c o n t r o l l e r  t o  c y c l e  between the  two s t r a i n  l i m i t s .  The r e s t  o f  t h e  
t e s t i n g  was per formed u s i n g  t h e  computer i n  t h e  l o a d  c o n t r o l  mode. 
RESULTS 
F a t i g u e  L i v e s  
The i so the rma l  and b i t h e r m a l  f a t i g u e  d a t a  a r e  g i v e n  i n  t a b l e  I. The iso- 
thermal  and b i t h e r m a l  f a t i g u e  l i v e s  a r e  p l o t t e d  i n  a t o t a l  mechanica l  s t r a i n  
b a s i s  i n  f i g u r e  5. The l i n e s  shown a r e  l e a s t  square f i t s  t o  t h e  ba re  specimen 
da ta .  
Both t h e  coated and uncoated specimens had longer  l i v e s  a t  760 "C than  a t  
982 "C. 
cen t  had a l i f e  about  one o r d e r  o f  magnitude lower  than  an uncoated specimen 
w i t h  app rox ima te l y  t h e  same s t r a i n  range.  
was t e s t e d  a t  982 "C t h e  e f f e c t  o f  t h e  c o a t i n g  on l i f e  c o u l d  n o t  be de termined 
c o n c l u s i v e l y .  
o f  t h e  c o a t i n g .  
specimens o v e r  t h e  s t r a i n  ranges t e s t e d .  However, out -of -phase b i t h e r m a l  t e s t  
r e s u l t s  showed l i f e  d i f f e r e n c e s  f o r  t h e  coated and bare specimens. I n  t h e  low 
s t r a i n  reg ime t h e  coated and bare  specimens produced s i m i l a r  l i v e s .  
l a r g e  s t r a i n  reg ime,  however, t h e  coated  specimens had much s h o r t e r  l i v e s  than 
t h e  ba re  specimens. 
The coated  specimen f a t i g u e d  a t  760 "C w i t h  a s t r a i n  range o f  1.6 pe r -  
S ince  o n l y  one coated  specimen 
In-phase b i t h e r m a l  f a t i g u e  l i v e s  seemed t o  be u n a f f e c t e d  by t h e  presence 
S i m i l a r  c y c l i c  l i v e s  w e r e  observed for  t h e  coated  and ba re  
I n  t h e  
Comparing t h e  b i t h e r m a l  t o  t h e  i so the rma l  l i v e s  one can see t h a t  specimens 
f a t i g u e d  a t  760 "C had t h e  l o n g e s t  l i v e s .  I n  t h e  low s t r a i n  reg ime in-phase 
b i t h e r m a l  l i v e s  w e r e  g r e a t e r  than out -of -phase.  However, i n  t h e  h i g h  s t r a i n  
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reg ime out-of-phase b i t h e r m a l  f a t i g u e  r e s u l t e d  i n  l onger  l i v e s  than  in-phase 
b i t h e r m a l  f a t i g u e .  Wi th  t h e  e x c e p t i o n  of  t h e  h i g h  s t r a i n  regime t h e  o u t - o f -  
phase b i t h e r m a l  l i v e s  a r e  about  t h e  same as i so the rma l  f a t i g u e  l i v e s  a t  982 "C.  
Fa t i gue  l i v e s  can a l s o  be examined on an i n e l a s t i c  s t r a i n  b a s i s .  The 
i n e l a s t i c  s t r a i n - l i f e  p l o t s  f o r  t h e  bare  specimens a re  presented  i n  f i g u r e  6. 
The l i n e s  p l o t t e d  f o r  t h e  i so the rma l  d a t a  a r e  t h e  l e a s t  squares f i t  and t r e n d  
curves a r e  drawn fo r  t h e  b i t h e r m a l  da ta .  The i n e l a s t i c  s t r a i n s  measured a t  
h a l f  l i f e  a re  p l o t t e d .  I so the rma l  f a t i g u e  r e s u l t e d  i n  l onger  l i v e s  than  
b i t h e r m a l  c y c l i n g .  I n  t h e  l a r g e  s t r a i n  s h o r t  l i f e  reg ime,  the  two b i t h e r m a l  
l i f e  l i n e s  appear t o  converge,  however, i n  t h e  smal l  s t r a i n  l o n g  l i f e  reg ime 
in-phase c y c l i n g  r e s u l t e d  i n  s i g n i f i c a n t l y  l o n g e r  l i v e s  than out-of-phase 
c y c l i n g .  I so the rma l  f a t i g u e  a t  760 "C r e s u l t e d  i n  lower l i v e s  than  f a t i g u e  a t  
982 "C as one m igh t  expec t  s i n c e  the  d u c t i l i t y  o f  Ren6 N4 i s  lower  a t  760 "C 
than 982 "C ( r e f .  5). 
F r  ac t o g r  ap hy 
A l l  o f  the  specimens were examined by o p t i c a l  microscopy and scanning 
e l e c t r o n  microscopy a f t e r  f a i l u r e .  
were found to  i n i t i a t e  a t  s u r f a c e  and near s u r f a c e  m i c r o p o r o s i t y .  
c r a c k i n g  occu r red  i n  a s tage XI manner and t r a n s i t i o n e d  t o  a s tage I mode on 
(111)  p lanes ,  j u s t  as r e p o r t e d  by Gabb e t  a l .  ( r e f .  6 ) .  Stage I 1  c r a c k  growth 
dominated i n  f a t i g u e  t e s t s  a t  l a r g e  s t r a i n s .  F i g u r e  7 shows a f r a c t o g r a p h  of a 
coated  specimen f a t i g u e d  a t  760 "C.  
Crack growth  near t h e  s u r f a c e  was i n  a s tage I 1  manner. 
I n  bare specimens f a t i g u e d  a t  760 " C  cracks  
I n i t i a l l y ,  
Cracks i n i t i a t e d  a t  t h e  c o a t i n g  sur face .  
For bare specimens f a t i g u e d  a t  982 "C c r a c k  i n i t i a t i o n  o c c u r r e d  a t  su r face  
mic ropores  and o x i d e  c racks  ( r e f .  6 ) .  These o x i d e  c racks  w e r e  t y p i c a l l y  normal 
t o  t h e  s t r e s s  a x i s  and were v e r y  abundant. On ly  s tage I 1  c r a c k i n g  was observed 
a t  t h i s  tempera ture .  Crack i n i t i a t i o n  occu r red  a t  i n t e r n a l  pores  i n  t h e  coated 
specimen f a t i g u e d  a t  982 "C ( f i g .  7 ) .  Once a g a i n  o n l y  s tage I 1  c r a c k i n g  was 
observed.  
F i g u r e  8 shows a comparison o f  t h e  f r a c t u r e  s u r f a c e  o f  coated  and bare  
Renh N4 f a t i g u e d  under in-phase b i t h e r m a l  c y c l i n g .  
specimens c rack  i n i t i a t i o n  o c c u r r e d  a t  l a r g e  i n t e r n a l  pores 0 1 0 0  pm). Dur ing  
l ong - te rm t e s t s  on bare  specimens t h e  s p a l l a t i o n  o f  t h e  o x i d e  was observed.  
A l though su r face  c racks  were found i n  s e c t i o n s  o f  f a i l e d  coated specimens none 
o f  these c racks  p e n e t r a t e d  t h e  s u p e r a l l o y  s u b s t r a t e .  
I n  b o t h  t h e  coated  and bare 
Crack i n i t i a t i o n  o f  ba re  specimens i n  out -of -phase t e s t s  o c c u r r e d  a t  t h e  
su r face  as shown i n  f i g u r e  9.  I n  t e s t s  a t  l a r g e  s t r a i n s ,  c r a c k  i n i t i a t i o n  
occu r red  a t  s u r f a c e  p o r o s i t y ,  however l i t t l e  model 11 f a t i g u e  c r a c k  growth  was 
found around t h e  i n i t i a t i o n  s i t e .  F i n a l  f a i l u r e  o c c u r r e d  a l o n g  ( 1 1 1 )  p lanes  as 
was the  case i n  i so the rma l  t e s t s  a t  760 "C. The i n i t i a t i o n  a t  smal l  s t r a i n s  
a l s o  occu r red  a t  t h e  s u r f a c e  b u t  d i d  n o t  appear t o  be a s s o c i a t e d  w i t h  p o r o s i t y .  
For the  out -of -phase t e s t s  on coated specimens a t  s t r a i n s  g r e a t e r  than 
about  1 .3  pe rcen t  c r a c k  i n i t i a t i o n  occu r red  a t  t h e  s u r f a c e .  
ous t h a t  these w e r e  a s s o c i a t e d  w i t h  the  c o a t i n g .  Many l a r g e  c i r c u m f e r e n t i a l  
c racks  w e r e  found on t h e  f a i l e d  c r y s t a l s  ( f i g .  9 ( b ) ) .  For coated  specimens 
f a t i g u e d  a t  s t r a i n s  l e s s  than about  1 . 3  p e r c e n t  c rack  i n i t i a t i o n  was t h e  same 
I t  was q u i t e  o b v i -  
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as that observed for the uncoated specimens fatigued under the same strains, 
namely surface annular cracks. 
result of brittle failure of the coating. 
These surface annular cracks were not the 
DISCUSSION 
TMF Versus Bithermal 
The pros and cons of the bithermal test as a method to study the combined 
effect of cyclic thermal and mechanical strains are discussed by Halford 
(ref. 4 ) .  For purposes of discussion it is instructive to briefly list some 
of the advantages and disadvantages of the bithermal test relative to a 
cont inuously-varying-temperature thermomechanical fatigue test. Bithermal 
fatigue introduces high- and low-temperature deformation within the same cycle 
but one can limit the number of active mechanisms by proper choice of tempera- 
tures, stress levels and hold times. The bithermal test captures the effect of 
thermal free expansion mismatch straining between the substrate and an oxide or 
coating. Other advantages of the bithermal technique are (1) there is little 
difficulty in synchronizing the temperature and strain waveforms and ( 2 )  the 
thermal free expansion strains are easily subtracted from the total (thermal 
plus mechanical) strains. Bithermal fatigue can lead to misleading results i f  
simultaneously applied mechanical and differential expansion strains are impor- 
tant to life. Holding the specimen at zero load during the temperature excur- 
sions can allow undesirable recovery processes to occur. 
thermal strains occur at the two temperature extremes during a bithermal cycle, 
any thermal free expansion differences would be more severe than those occuring 
during a thermomechanical fatigue cycle in which the temperature is continu- 
ously varying. 
Since all of the 
Isothermal Versus Bithermal 
A plot of the isothermal and bithermal fatigue lives on a total 
basis (fig. 5) is typically used to compare isothermal lives with non 
lives because of difficulties in accurately determining the inelastic 
a cont inuously-varying-temperature thermomechanical hysteresis loop. 
ison of the inelastic strain - life (fig. 6) may be more instructive 
to understand the effect of the different types of cycling on fatigue 
train 
sot her ma 1 
strain of 
A compar- 
n trying 
life. 
On an inelastic strain basis, bithermal fatigue is more damaging to the 
bare Ren6 N4 than isothermal fatigue at either the high temperature or the low 
temperature of the cycle. Gayda et al. (ref. 7) studied the bithermal fatigue 
of another superalloy single crystal, PWA 1480, coated with an overlay coating. 
This alloy is very similar to the Ren6 N4 alloy used in this study. Their data 
for both coated and bare specimens is plotted with the bare Ren6 N4 data on an 
inelastic strain basis in figure 10. Curves shown are trend curves. Gayda saw 
no differences between bare and coated life data for the alloy and coating 
which he studied. Although temperature extremes of the bithermal cycles are 
different in the two studies, results of the PWA 1480 alloy group closely with 
the Renb N4 data. Gayda found that for both in-phase and out-of-phase bither- 
mal fatigue life in the large inelastic strain regime was limited by the duc- 
tility of the superalloy at the low temperature. 
that for small inelastic strains crack initiation occurred much more easily 
In addition they suggested 
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d u r i n g  out -of -phase b i t h e r m a l  f a t i g u e  than d u r i n g  i so the rma l  f a t i g u e  a t  e i t h e r  
t h e  h i g h  or low temperature o f  the  b i t h e r m a l  c y c l e .  The co inc idence  o f  t h e  two 
s e t s  o f  da ta  i n  f i g u r e  10 tends to  suggest  t h a t  these mechanisms c o u l d  be oper-  
a t i n g  d u r i n g  t h e  b i t h e r m a l  f a t i g u e  of Ren6 N 4 .  Not enough da ta  were genera ted  
on the  coated  specimens t o  draw any conc lus ions .  
I E f f e c t  o f  Coa t ing  
For i so the rma l  f a t i g u e  a t  760 "C l i f e  was s h o r t e r  f o r  the  coated specimens 
than fo r  the  bare  specimens. Crack i n i t i a t i o n  s i t e s  s h i f t e d  from i n t e r n a l  
p o r o s i t y  f o r  the  bare  specimens to  t h e  s u r f a c e  o f  coated  specimens. A lumin ide  
c o a t i n g s  o f  t h i s  t ype  a r e  g e n e r a l l y  b r i t t l e  i n  t h i s  tempera ture  regime ( r e f .  8 )  
and t h e r e f o r e  c rack  i n i t i a t i o n  i n  t h e  c o a t i n g  can occur  q u i t e  e a s i l y  as i t  has 
a low f r a c t u r e  s t r a i n  under these c o n d i t i o n s .  
A l though o n l y  one coated specimen was f a t i g u e d  a t  982 " C  t he  s h i f t  o f  
c rach  i n i t i a t i o n  from s u r f a c e  mic ropores  and o x i d e  c racks  for ba re  specimens 
t o  i n t e r n a l  mic ropores  fo r  t h e  coated  specimen suggests t h a t  t h e  o x i d a t i o n  pro-  
t e c t i o n  o f  the  c o a t i n g  e f f e c t i v e l y  p revented  s u r f a c e  i n i t i a t i o n .  Th is  m igh t  
i nc rease  the  f a t i g u e  l i f e  o f  the  coated  c r y s t a l s  ove r  t h e  uncoated c r y s t a l s  a t  
t h e  h i g h  tempera ture .  A d d i t i o n a l  f a t i g u e  t e s t i n g  would be necessary t o  d e t e r -  
mine the  e f f e c t  o f  t h e  c o a t i n g  on f a t i g u e  l i f e  of Ren6 N4 a t  982 " C .  
For in-phase c y c l e s ,  f a t i g u e  l i v e s  and c rack  i n i t i a t i o n  s i t e s  were the  
same f o r  b o t h  the  coated  and bare  specimens. There fo re  i t  does n o t  appear as 
i f  the  c o a t i n g  had any a f f e c t  on f a t i g u e  l i f e  for  t h e  in-phase case. Strangman 
and Hopkins ( r e f .  9 )  p o s t u l a t e d  t h a t  f o r  in-phase thermal  f a t i g u e  o f  coated  
s u p e r a l l o y s  t h e  c o a t i n g  would exper ience r e l a t i v e l y  l a r g e  compressive s t r a i n s  
a t  t he  low temperature and r e l a t i v e l y  smal l  t e n s i l e  s t r a i n s  a t  t he  h i g h  temper- 
a t u r e  as a r e s u l t  o f  thermal  expansion d i f f e r e n c e s  between the  s u b s t r a t e  and 
c o a t i n g ,  and geomet r i ca l  c o n s t r a i n t s  imposed on the  c o a t i n g  by the  s u b s t r a t e .  
A d d i t i o n  o f  the  mechanical  s t r a i n s  imposed d u r i n g  t h e  in-phase b i t h e r m a l  c y c l e  
would r e s u l t  i n  a smal l  compressive s t r a i n  or perhaps even a smal l  t e n s i l e  
s t r a i n  i n  the  c o a t i n g  a t  t he  low tempera ture ,  depending, o f  course ,  on the  
magnitude of the  imposed mechanical  s t r a i n .  A t  t h e  h i g h  tempera ture  o f  the  
in-phase b i t h e r m a l  c y c l e  t e n s i l e  s t r a i n s  w i l l  dominate i n  the  c o a t i n g .  The 
combina t ion  o f  thermal  mismatch s t r a i n s  and mechanical  s t r a i n s  d u r i n g  in-phase 
c y c l i n g  w i l l  r e s u l t  i n  s t r a i n s  i n  the  c o a t i n g  which a r e  g e n e r a l l y  much l e s s  
than the  f r a c t u r e  s t r a i n  o f  the  c o a t i n g  a t  b o t h  tempera tures .  There fo re  i n  the  
l i f e  regime where c racks  i n i t i a t e  a t  i n t e r n a l  p o r o s i t y  d u r i n g  in-phase b i t h e r -  
I mal f a t i g u e  one would n o t  expec t  the  c o a t i n g  t o  e f f e c t  l i f e  s i g n i f i c a n t l y .  
Strangman and Hopk ins '  a n a l y s i s  ( r e f .  9 )  o f  out -of -phase thermal  f a t i g u e  
o f  coated supera l l oys  p r e d i c t s  t h a t  s i g n i f i c a n t  t e n s i l e  s t r a i n s  would deve lop  
i n  the  c o a t i n g  a t  the  low tempera ture  due t o  thermal  f a t i g u e  a lone .  The add i -  
t i o n  o f  t e n s i l e  mechanical  s t r a i n s  a t  t h e  low tempera ture  may r e s u l t  i n  s t r a i n s  
g r e a t e r  than the  f r a c t u r e  s t r a i n  o f  the  c o a t i n g .  The l a r g e  r e d u c t i o n  i n  l i f e  
f o r  coated Renk N4 a t  h i g h  s t r a i n s  as compared t o  t h e  bare  specimens i s  proba- 
b l y  due t o  t h i s  phenomena. 
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In-Phase Versus Out-of-Phase 
In-phase b i t h e r m a l  c y c l i n g  of b o t h  t h e  coated  and bare  s i n g l e  c r y s t a l s  
r e s u l t e d  i n  c r a c k  i n i t i a t i o n  a t  subsur face  mic ropores ,  w h i l e  out -of -phase 
c y c l i n g  was c h a r a c t e r i z e d  by s u r f a c e  c r a c k  i n i t i a t i o n .  Wi th  t h e  e x c e p t i o n  o f  
l a r g e  s t r a i n ,  out-of-phase t e s t s  on coated  specimens, in-phase and out -of -phase 
l i v e s  appear t o  converge a t  l a r g e  s t r a i n s  and d i v e r g e  i n  t h e  smal l  s t r a i n  
regime, w i t h  out-of-phase l i v e s  b e i n g  t h e  s h o r t e s t .  One p o s s i b l e  reason f o r  
l onger  in-phase l i v e s  i n  t h e  smal l  s t r a i n  reg ime may be t h e  d i f f e r e n c e s  i n  
c rack  i n i t i a t i o n  l i v e s .  Sur face  c racks  were observed on bare  specimens c y c l e d  
out-of-phase or in-phase.  However, t h e  o x i d e  tended t o  spa11 o f f  d u r i n g  
in-phase c y c l i n g ,  e f f e c t i v e l y  b l u n t i n g  t h e  s u r f a c e  c racks  t h a t  formed i n  t h e  
o x i d e  sca le .  Cracks i n i t i a t e d  i n  t h e  o x i d e  s c a l e  d u r i n g  out -of -phase c y c l i n g  
were n o t  b l u n t e d  by o x i d e  s p a l l a t i o n  and t h e r e f o r e  c o u l d  advance i n t o  t h e  sub- 
s t r a t e  and con t inue  t o  grow. The compressive s t resses  t h a t  caused o x i d e  spa l -  
l a t i o n  d u r i n g  in-phase b i t h e r m a l  c y c l i n g  o f  bare  specimens p r o b a b l y  a ided  i n  
b l u n t i n g  s u r f a c e  c racks  i n  coated specimens. The t e n s i l e  s t r e s s e s  developed 
d u r i n g  out -of -phase c y c l i n g  p robab ly  l e a d  t o  s u r f a c e  i n i t i a t e d  f a i l u r e s  i n  t h e  
coated specimens. For f a t i g u e  under l a r g e  s t r a i n s  env i ronmenta l  a t t a c k  became 
1 ess 
a1 loy 
mpor tan t  and t h e  d u c t i l i t y  o f  t h e  a l l o y  d i c t a t e d  t h e  f a t i g u e  l i f e .  
SUMMARY 
. The low c y c l e  thermomechanical f a t i g u e  behav io r  o f  a n i cke l -base  super- 
s i n g l e  c r y s t a l ,  Ren6 N4, b o t h  w i t h  and w i t h o u t  a d i f f u s i o n - a l u m i n i d e  
c o a t i n g ,  was s t i d i e d - u s i n g  a b i  thermal  t e s t  t echn ique .  
2. I n  t h e  tempera ture  reg ime o f  760 t o  982 "C, t h e  b i t h e r m a l  f a t i g u e  l i v e s  
o f  ba re  specimens w e r e  s h o r t e r  than t h e  i so the rma l  f a t i g u e  l i v e s  a t  e i t h e r  tem- 
p e r a t u r e  extreme when compared on an i n e l a s t i c  s t r a i n  b a s i s .  Both in-phase and 
out-of-phase b i t h e r m a l  f a t i g u e  l i f e  curves  converged i n  t h e  l a r g e  s t r a i n  reg ime 
and d i v e r g e d  i n  t h e  smal l  s t r a i n  reg ime,  out -of -phase b i t h e r m a l  f a t i g u e  r e s u l t -  
i n g  i n  t h e  s h o r t e s t  l i v e s .  
3. I so thermal  f a t i g u e  o f  bare  specimens r e s u l t e d  i n  a d i f f e r e n t  i n i t i a t i o n  
mode a t  t h e  two tempera tures .  For bare  specimens, s u r f a c e  o x i d e  s p i k e  i n i t i a -  
t i o n  o c c u r r e d  a t  982 "C and s u r f a c e  p o r o s i t y  was t h e  i n i t i a t i o n  s i t e  a t  760 "C.  
For coated  specimens, t h e  i n i t i a t i o n  s i t e  s h i f t e d  t o  i n t e r n a l  pores  a t  982 "C 
and t o  mechanical c r a c k i n g  o f  t h e  c o a t i n g  a t  760 "C.  The coated  specimens had 
s i g n i f i c a n t l y  s h o r t e r  l i v e s  than  bare  specimens a t  760 "C. 
5. Out-of-phase b i t h e r m a l  f a t i g u e  a l s o  r e s u l t e d  i n  seve ra l  c r a c k  i n i t i a -  
t i o n  modes. For smal l  s t r a i n s  i n i t i a t i o n  was t h e  same as was observed f o r  
f a t i g u e  a t  982 "C. For l a r g e  s t r a i n s ,  bare  specimens c racked i n  t h e  same man- 
ner  as i n  f a t i g u e  o f  bare  specimens a t  760 "C, and coated  specimens f a i l e d  i n  
t h e  same f a s h i o n  as coated  specimens a t  760 "C. 
t h e  coated  specimens had much s h o r t e r  l i v e s  than  bare  specimens. I n  t h e  smal l  
s t r a i n  reg ime l i v e s  were t h e  same fo r  t h e  coated  and bare  specimens. 
I n  t h e  l a r g e  s t r a i n  reg ime,  
6 .  The c o a t i n g  had no e f f e c t  on l i f e  o f  specimens c y c l e d  in-phase f o r  t h e  
s t r a i n  reg imes t e s t e d .  I n  a l l  cases c r a c k  i n i t i a t i o n  o c c u r r e d  a t  i n t e r n a l  
pores .  
7 
REFERENCES 
1 .  B i l l ,  R . C . ,  e t  a l . :  P r e l i m i n a r y  Study o f  Thermomechanical Fa t i gue  o f  
P o l y c r y s t a l l i n e  MAR-M 200. NASA TP-2280, AVSCOM-TR-83-C-6, 1984. 
2 .  H a l f o r d ,  G . R . :  Low Cyc le  Thermal Fa t i gue .  NASA TM-87225, 1986. 
3 .  Kaufman, M . :  Examinat ion  o f  t h e  I n f l u e n c e  o f  Coat ings  on Th in  S u p e r a l l o y  
Sec t i ons :  Volume 1 :  D e s c r i p t i o n  and A n a l y s i s .  NASA CR-134791, 1974. 
4. H a l f o r d ,  G . R . ,  e t  a l . :  B i the rma l  F a t i g g e ,  a L i n k  Between I so the rma l  and 
Thermomechanical Fa t i gue .  Low Cyc le  Fa t igue ,  ASTM STP-942, H . D .  Solomon, 
e t  a l . ,  eds . ,  American S o c i e t y  f o r  T e s t i n g  and M a t e r i a l s ,  1988, pp.  
625-637. 
5. M ine r ,  R .V . ,  e t  a l . :  O r i e n t a t i o n  and Temperature Dependence of Some 
Mechanical  P r o p e r t i e s  o f  t h e  S i n g l e - C r y s t a l  Nickel -Base S u p e r a l l o y  Renb N4: 
P a r t  I, T e n s i l e  Behav io r .  M e t a l l .  Trans.  A ,  v o l .  17, no. 3, Mar. 1986, 
pp. 491-496. 
6 .  Gabb, T . P . ;  Gayda, J . ;  and M ine r ,  R . V . :  O r i e n t a t i o n  and Temperature 
Dependence o f  Some Mechanical  P r o p e r t i e s  o f  t h e  S i n g l e - C r y s t a l  Nickel -Base 
S u p e r a l l o y  Renk N4: P a r t  11, Low Cyc le  F a t i g u e  Behav io r .  M e t a l l .  T rans .  
v o l .  17, no.  3 ,  Mar. 1986, pp.  497-505. 
A ,  
7. Gayda, J . ,  e t  a l . :  B i the rma l  Low-Cycle F a t i g u e  Behav io r  o f  a N i C o C r A l Y -  
Coated S i n g l e  C r y s t a l  S u p e r a l l o y .  NASA TM-89831, 1987. 
8 .  Schne ider ,  K . ;  and G r u n l i n g ,  H . W . :  Mechanical  Aspects o f  H igh  Temperature 
Coa t ings .  Th in  S o l i d  F i l m s ,  vo l .  107, no. 4, 1983, pp. 395-416. 
9 .  Strangman, T . E . ;  and Hopkins,  S.W.: Thermal F a t i g u e  o f  Coated Supera l l oys .  
Am. Ceram. SOC. Bu l . ,  vol. 55,  no.  3, Mar. 1976, pp. 304-307. 
a 
TABLE 1.- LCF DATA 
a760 “C  i so the rma 
b760 “C i sothermal  
Specimen 
number 
c y c l i n g ,  ba re .  
c y c l  i ng, coated.  
N20 
N28 
N17 
N12 
N7 
N10 
N6 
N11 
N9 
N15 
N53 
N63 
N50 
N62 
N66 
N67 
N44 
N38 
N32 
N25 
N19 
N57 
N58 
N60 
N56 
N65 
N49 
N59 
N55 
Tes t  
t y p e  
B760a 
I 
C760b 
C760 
B98ZC 
8982 
8982 
C98Zd 
BOOPe 
I 
I 
COOPf 
I 
BIPg 
CIPh 
C I P  
C I P  
S t r a i n r a n g e s ,  a t  1/2 l i f e  
pe rcen tages  
T o t a l  
2.030 
1.880 
1.837 
1.549 
1 .h34 
2.284 
1.550 
0.914 
0.710 
2.448 
0.590 
1.090 
1.694 
0.860 
1 .  GO6 
1 .244 
0.822 
1 .442 
1.486 
1 .350 
0.670 
1.106 
1 .630 
1 .284 
1 .232 
1.312 
1 .090 
1 .350 
1 .476 -- 
E l  a s t i  c 
1.746 
1.715 
1.727 
1.549 
1.546 
1.924 
1.116 
0.805 
0.650 
1.248 
0.584 
1.074 
1.554 
0.852 
1.282 
0.972 
0.804 
1.404 
1.406 
1.320 
0.664 
1.080 
1.520 
1.230 
1.206 
1.280 
1.050 
1.306 
1.380 
I n e l a s t i c  
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FIGURE 1 .  - HEAT TREATED MICROSTRUCTURE OF R E N i  N 4 .  
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FIGURE 3. - MICROSTRUCTURE OF THE DIFFUSION ALUMINIDE 
COATING CODEP B-1. 
10 
TENSION 
LOW TEMPERATURE (760 OC) n 
THERMAL EXPANSION, a A T  -1 
HIGH TEMPERATURE (982 OC) 
MAGNITUDE OF INELASTIC 
STRAIN I S  EQUAL AT 
BOTH TEMPERATURES 
CONPRESSION 
( a )  OUT-OF-PHASE. 
TENSION 
HIGH TEMPERATURE (982 OC) 
STRESS 0 
THERMAL AND MECHANICAL STRAIN 
MAGNITUDE OF INELASTIC 
STRAIN I S  EQUAL AT 
BOTH TEMPERATURES 
LOW TEMPERATURE (760 OC) 
CONPRESSION 
( b )  IN-PHASE. 
FIGURE 4. - SCHEMATIC OF THE BITHERMAL FATIGUE CYCLE. 
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FIGURE 5. - COMPARISON OF FATIGUE LIVES ON A TOTAL 
STRAIN BASIS FOR BITHERMAL AND ISOTHERMAL CYCLING. 
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FIGURE 6.  - COMPARISON OF FATIGUE L I V E S  ON AN INELASTIC 
STRAIN BASIS FOR BITHERRAL AND ISOTHERMAL CYCLING OF 
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FIGURE 7. - FRACTURE SURFACE OF SPECIMENS ISOTHERMALLY FATIGUED. 
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FIGURE 8.  - FRACTURE FEATURES FOR SPECIMENS CYCLED IN-PHASE. 
( a )  BARE. 
1 .om 
.loo 
,010 
.oo! 
( b )  COATED. 
a REN~) ~ 4 .  OUT-OF-PHASE 
A RENE N4. IN-PHASE 
PWA 1480. IN-PHASE 
0 PWA 1480, OUT-OF-PHASE 
n 
L OUT-OF-PHASE 
1000 
Nf 
10 000 
FIGURE 9.  - FRACTURE FEATURES FOR SPECIMENS CYCLED OUT-OF-PHASE. FIGURE 10. - PLOT OF FATIGUE \ I F E  AS A FUNCTION OF IN- 
ELASTIC STRAIN FOR BARE RENE N4 SPECIMENS AND FOR 
COATED AND BARE PWA 1480 FROM GAYDA E T  AL. (7). 
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